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O(t)  O(t)   hOi, O(t) 
X
~x
O(t; ~x). The summa-
tion over ~x physically means the zero-momentum pro-
jection. The glueball operator O(t; ~x) is to be properly
taken so as to reproduce its quantum number J
PC
in
the continuum limit. For instance, the simplest com-







(t; ~x)g, where P

(t; ~x) 2
SU(3) denotes the plaquette operator. With the spec-























denotes the energy of the n-th excited state
jni. Here, j0i denotes the vacuum, and j1i denotes the







= 1. On a ne lattice with the spac-
ing a, the simple plaquette operator P
ij
(t; ~x) has a small
overlap with the glueball ground state jGi  j1i, and
the extracted mass looks heavier owing to the excited-
state contamination. This small overlap problem origi-
nates from the fact that O(t; ~x) has a smaller \size" of
O(a) than the physical peculiar size of the glueball. This
problem becomes severer as a! 0. We thus have to im-
prove O(t; ~x) so as to have almost the same size as the
physical size of the glueball.
One of the systematic ways to achieve this is the smear-
ing method [21, 22, 23]. The smearing method is ex-
pressed as the iterative replacement of the original spatial
link variables U
i






































(s   ^), and  is a real parameter.
Here, the summation is taken only over the spatial di-
rection to avoid the nonlocal temporal extension. Note
that U
i
(s) holds the same gauge transformation proper-
ties with U
i
(s). We refer to the fat link dened in Eq. (1)
as the rst fat link U
(1)
i
















(s) [23]. For the physically extended glueball
operator, we use the n-th smeared operator, the plaque-




Next, we consider the size of the n-th smeared opera-
tor. Using the linearization and the continuum approxi-















denotes the spatial lattice spacing. 
i
(n;~x) de-
scribes the distribution of the gluon eld A
i
(~x; t) in the
n-th smeared plaquette. The n-th smeared plaquette lo-
cated at the origin ~x =
~
0 physically means the Gaussian
TABLE I: The lattice QCD result for the lowest scalar glue-
ball mass at nite temperature. The temporal lattice size N
t
,
the corresponding temperature T , the lowest scalar glueball
mass m
G







, the smearing number N
smr
, the number of
gauge congurations N
conf




are listed. The most suitable smearing number N
smr
is deter-
















72 126 1426(29) 0.95(2) 0.018 39 3887 0.54
50 182 1356(28) 0.92(2) 0.016 43 3902 0.57
45 202 1413(27) 0.96(2) 0.043 40 4759 0.55
43 211 1289(71) 0.90(6) 0.030 46 4435 0.59
40 227 1259(46) 0.87(4) 0.015 38 5863 0.53
38 239 1149(53) 0.82(5) 0.000 39 5650 0.54
37 246 1264(28) 0.89(2) 0.012 31 5498 0.48
36 252 1218(47) 0.86(4) 0.004 37 5806 0.52
35 260 1160(44) 0.85(4) 0.010 38 5925 0.53




























So far, the smearing method is introduced to carry
out the accurate mass measurement by maximizing the
ground-state overlap. However, it can be also used to
give a rough estimate of the physical glueball size. In
fact, once we obtain the maximum overlap with some n
and , the glueball size is estimated with Eq. (4).


























with the plaquette operator P

(s) 2 SU(3) in the (; )-





6:25, and the bare anisotropy parameter is taken as 
G
=





= 4 [14]. These parameters produce the spa-
tial lattice spacing as a
 1
s
= 2:272(16) GeV (a
s
' 0:087






' 0:022 fm). Here, the scale unit is determined
by adjusting the string tension as
p
 = 427MeV from
the on-axis data of the static inter-quark potential. The
pseudo-heat-bath algorithm is used to update the gauge







= 35; 36; 37; 38;40;43;45;50;72as listed in Table
I. For each temperature, we pick up gauge eld cong-
urations every 100 sweeps for measurements, after skip-
ping more than 20,000 sweeps of the thermalization. The
30
1






FIG. 1: The scalar glueball correlator G(t)=G(0) plotted
against t for N
smr
= 40 at a low temperature T = 126MeV.
The statistical errors with the jackknife analysis are hidden
within the symbol. The solid curve denotes the best single hy-
perbolic cosine t to the lattice data in the interval indicated
by the two vertical dashed lines.
numbers of gauge congurations used in our calculations
are summarized in Table I.
From the analysis of the Polyakov loop hP (~x)i 
hTrfU
4




 1)gi, we obtain T
c
' 260MeV,
which is consistent with the previous studies [4, 8].
We present the numerical results in SU(3) anisotropic
lattice QCD at the quenched level. To enhance
the ground-state contribution, we adopt the smearing
method with the smearing parameter  = 2:1, which we
nd one of the most suitable values from the numerical
tests with various . The statistical errors are estimated
with the jackknife analysis [20].
In Fig. 1, we show a scalar glueball correlator
G(t)=G(0) at a low temperature T = 126MeV for the
smearing number N
smr
= 40, where most of the lattice
QCD data are well tted by a single hyperbolic cosine,














This indicates the achievement of the ground-state en-
hancement owing to the smearing method, and then the
excited-state contamination is almost removed.
In general, G(t)=G(0) is expressed as a weighted sum
of hyperbolic cosines with non-negative weights, and
G(t)=G(0) decreases more rapidly than Eq. (6) near t = 0
due to excited-state contributions. Hence, C should sat-









' 1. In the
ground-state dominant case, G(t)=G(0) can be well ap-
proximated by a single hyperbolic cosine, and C ' 1 is
realized. We refer to C as the ground-state overlap.
FromFig. 1, we nd C ' 1 andm
G
' 1426MeV for the
lowest scalar glueball mass at a low temperature. This
seems consistent with m
G










FIG. 2: The scalar glueball correlator G(t)=G(0) plotted
against t for N
smr
= 40 at a high temperature T = 246MeV.
The statistical errors are hidden within the symbol. The solid
curve denotes the best single hyperbolic cosine t to the lat-




] indicated by the two ver-
tical dashed lines. The dashed and dotted curves are the





+2, respectively. The closeness of the three
curves means small t-range dependence.
In Fig. 2, we show a scalar glueball correlator
G(t)=G(0) at a high temperature T = 246MeV for the
smearing number N
smr
= 40. Owing to a suitable smear-
ing, most of the lattice QCD data are well tted by a
single hyperbolic cosine denoted by the solid curve.










  1] appeared in the corresponding \eective
mass" plot. The eective mass m
e



















for a given G(t+1)=G(t) at each xed t [20]. In Fig. 2, we










line and dotted line, respectively. The closeness of the
three curves suggests small t-range dependence.
In the most suitable smearing N
smr
, the ground-state
overlap C is maximized and the mass m
G
is minimized,
which indicates the achievement of the ground-state en-
hancement. (For extremely large N
smr
, the operator
size exceeds the physical glueball size, resulting in the
decrease of the overlap C.) In practical calculations,
the maximum overlap and the mass minimization are
achieved at almost the same N
smr
, and both of these two
conditions would work as an indication of the maximal
ground-state enhancement. Here, we take the maximum
ground-state overlap condition as C ' 1. (The mass
minimization condition leads to almost the same glue-
ball mass [24].)
The main results of this paper are the following two:











FIG. 3: The lowest scalar glueball mass plotted against the
temperature T . It is obtained with the best hyperbolic cosine




] determined from the at region




the lattice QCD result for the lowest scalar glueball mass
m
G
(T ) against temperature T in Fig. 3. We observe,
in Fig. 3, about 20 % mass reduction or a few hundred





(T ) = 1200  100MeV for 0:8T
c





(T  0) ' 15001700MeV [17, 18,
19].
(II) To estimate the glueball size, we search N
smr
which
realizes the maximum ground-state overlap C
max
. From
Eq. (4) with this N
smr
, we estimate the glueball size as




In Table I, we summarize the lowest scalar glueball
mass m
G







, the corresponding smearing number N
smr
,




Thus, the present lattice QCD calculation indicates
that the lowest scalar glueball exhibits about 250MeV
mass reduction near T
c
keeping its size. Here, we briey
discuss the physical consequence of this result, consider-
ing the trigger of the QCD phase transition. In quenched
QCD below T
c
, the lowest glueball is the lightest parti-
cle, and its thermal excitation is expected to have pri-
mary relevance at nite temperature. However, lattice
QCD indicates m
G
> 1GeV even near T
c
, and there-
fore the thermodynamical contribution of the glueball







' 260MeV [16, 24]. This may indi-
cate that the thermal glueball excitation does not play
the relevant role in the deconnement phase transition,
at least in quenched QCD. Then, what is the driving
force to bring the phase transition ? In this way, our
result brings up such an interesting new puzzle on the
QCD phase transition.
To summarize, we have studied the glueball properties
at nite temperature using SU(3) anisotropic quenched
lattice QCD with more than 3,000 gauge congurations
at each temperature. From the temporal correlation
analysis with the smearing method, we have observed
about 20% mass reduction of the lowest scalar glueball
as m
G
(T ) = 1200100MeV for 0:8T
c
< T < T
c
, while no
signicant change is seen for meson masses near T
c
in lat-
tice QCD [15]. Our result shows that the scalar glueball
mass reduction is about 250MeV, which is enough large.
Hence, the thermal mass shift of the scalar glueball may
become observable in the future experiment in RHIC.
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